Leaching mechanism of zinc oxide is important not only to understand zinc smelting process but also to develop of new zinc recycling process. Recycling of zinc is mainly done by treatment of electric arc furnace dust (EAF dust). In Japan pyro metallurgical process is enhanced for EAF dust treatment, however only zinc oxide can be recovered by pyro metallurgical process. Hydro metallurgical process makes it possible to recover high purity zinc directly from EAF dust. One of the main components of zinc included in EAF dusts is zinc oxide. Thus the mechanism of zinc oxide leaching is important to develop the new hydro metallurgical zinc recycling process. Leaching test of zinc oxide in hydrochloric acid and sulfuric acid solution has been carried out kinetically. Zinc oxide disk was used for leaching test which the reaction area is clear. The experimental parameters of pH, temperature, leaching time and rotating speed of the disk specimen were varied. The results obtained are as follows; (1) The activation energy of leaching reaction by sulfuric acid was 17.5 kJmol À1 and 11.6 kJmol À1 by hydrochloric acid solutions. (2) The leaching rate increases in proportion to the square root of rotating speed of test specimen.
Introduction
The amount of zinc production in the world have increased and reached more than eight million tons. The major zinc production process is the hydro-metallurgical process which consists of roasting, leaching and electro-winning. The kinetics of leaching is very important to fully understand the zinc smelting process. Thus several studies [1] [2] [3] [4] have been done in the leaching kinetics of zinc oxide. On the other hand the recycling has become the major issue for almost every industry. The one of the major recycling of zinc is done by treatment of electric arc furnace dusts (EAF dust). Pyrometallurgical processes such as Wealz kiln process, MF process and electric thermal process are enhanced for recycling of zinc from EAF dust in Japan. 5) These processes recover zinc as zinc oxide. Thus further treatment is necessary to produce high purity zinc metal. Hydro-metallurgical process makes it possible to produce high purity zinc directly from EAF dust. Several hydro-metallurgical processes have been proposed 6) however they are not sufficient from the industrial point of view. Thus development of new hydro-metallurgical process for zinc recycling is very much concerned. Zinc included in EAF dust is mainly zinc oxide. Thus the basic study on leaching kinetics of zinc oxide becomes more important for development of new recycling process.
Relatively many studies have been done for leaching kinetics of metal sulfide and oxide which controlled by chemical reaction. [7] [8] [9] Few studies have been made on leaching kinetics which controlled by mass transportation. Leaching of zinc oxide by acidic solution is typical example that the reaction is controlled by mass transportation. Previous studies on leaching of zinc oxide in acidic solutions are carried out mainly by using powder samples. In these cases the surface area is not well understood. In this study disk type zinc oxide specimen is used to make sure the surface area and fully understand of leaching kinetics of zinc oxide. Furthermore the changing of surface morphologies was investigated. The observation of the surface morphologies is very few in previous studies.
Experimental Procedure

Samples
Reagent grade zinc oxide powders are used for making zinc oxide disk. Zinc oxide powders were dried at 473 K for 7.2 ks then pressed under the pressure of 490 GPa. The pressed disk was sintered at 1523 K for 28.8 ks. The diameter of sintered disk is 10 Â 10 À3 m. The specific density of the disk was approximately 97 pct of the theoretical value. The disk specimen was coated in an epoxy resin. The one surface of the disk was exposed and polished by emery paper where leaching reaction occurred. Chemical reagent grade acids and deionized water was used for every leaching test.
Experimental apparatus for leaching test
A glass flask containing 0.5 dm 3 of leaching solution was used for reaction vessels of all leaching experiments. The disk specimen of zinc oxide attached to the rod and submerged to the leaching solution. The rod and the specimen were rotated by the variable rotating speed motor. The temperature was measured by thermocouple and controlled in the water bath. The temperature difference was controlled within AE0:5 K during leaching experiments. Sulfuric acid and hydrochloric acid were used for leaching test. The pH value was maintained in same value during the leaching test because the volume of acid solution has large enough and the amount of dissolved zinc oxide was rather small. It was cleared by preliminary experiments to maintain pH value constant during the leaching tests. The samples of leaching solution were withdrawn periodically for quantitative analysis to determine the amounts of dissolved zinc by using ICP (Inductively coupled plasma) mass analyzer. The surface of zinc oxide disk specimen was observed before and after leaching tests by scanning electron microscope (SEM). The experimental conditions are summarized in Table 1 . Figure 1 shows the typical morphologies of test specimens observed by SEM. The surface morphology of the zinc oxide specimen before leaching test is almost flat and it is understandable because the specific density of the zinc oxide specimen was 97 pct of the theoretical value. After leaching tests, the surface morphologies changed that surface shown the bumpy shape in both hydrochloric acid and sulfuric acid leaching test.
Experimental Results and Discussions
The morphology of the leaching tests
Leaching curves at pH 1, 2 and 3.
The leaching curves of zinc oxide disks, leached by hydrochloric and sulfuric acid at pH 1, 2 and 3 are illustrated in Figs. 2 and 3 respectively. In these figures C represents the amounts of dissolved zinc to the liquid phase. The leaching temperature was controlled at 333 K and the rotating speed of the disk specimen was 10 s À1 . It is clear that the amounts of dissolved zinc increase according to the leaching time at each pH value and the leaching kinetics are linear for 7.2 ks. When the pH value was lower the amounts of dissolved zinc increased in both acids. Figure 4 illustrates the relationship between R (Leaching rate) and pH value in hydrochloric and sulfuric acid solutions. The kinetics of leaching rate shows linear relations with pH value. Hydrolytic reactions of Zn 2þ hardly occur in the pH 1 to 3, thus pH value can be the parameter of a H þ (activity of hydrogen). So it can be said that the leaching kinetics of zinc oxide show linear relationship to activity of H þ in the sulfuric acid and hydrochloric acid solutions when the pH value maintained 1 to 3.
Temperature dependence on leaching rate
Temperature dependence on the leaching rate of zinc oxide was examined. The leaching curves when the leaching temperature was 303, 323, 333 and 353 K are shown in Figs. 5 and 6. Figure 5 shows the leaching curves in hydrochloric acid solution at pH 2 and Fig. 6 shows the leaching curves in sulfuric acid at pH 2. The rotating speed of the specimen was controlled at 10 s À1 in each experiment. The leaching kinetics Fig. 7 . The leaching rates were determined by the gradient of the leaching curves of each leaching test of different temperature. The logarithmic value of the leaching rate and 1=T where T is the leaching temperature shows good linear relationship. The activation energy (Ea) can be expressed as follows;
In above equations k is the overall reaction coefficient and k 0 is constant. Based on these equations the activation energy can be calculated by the gradient of each line in Fig. 7 . The activation energy for leaching of zinc oxide disk by hydrochloric acid at pH2 is 11.6 kJmol À1 and 17.5 kJmol À1 by sulfuric acid solutions at the temperature range from 303 to 353 K. These activation energies show good agreement obtained by previous studies. 1, 4) Generally the activation energy of diffusion in liquid phase is less than 20 kJmol À1 and the activation energy of chemical reaction is approximately 50 to 100 kJmol À1 . These small values of the activation energy suggest the leaching rates of zinc oxide disks in hydrochloric acid and sulfuric acid solutions are controlled by mass transportation such as diffusion of chemicals through the liquid boundary layer. Fig. 7 Arrhenius plot of zinc oxide leaching in hydrochloric acid and sulfuric acid solutions at pH 2 and rotating speed was 10 s À1 .
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Effects of the rotating speed
The leaching reaction of zinc oxide by hydrochloric acid and sulfuric acid solutions can be expressed as follows;
The mechanism of leaching reaction can be describe that the diffusion of the chemical reagent to the surface of the zinc oxide disk through the liquid boundary layer and the leaching reaction occurs on the surface of the specimen. Then the products of the chemical reactions move from the surface to the leaching solution through the liquid boundary layer. Thus the kinetic of the leaching reaction is basically mixtures of chemical reactions and mass transportations. When the chemical reactions of eqs. (3) and (4) occur fast enough the leaching reaction is controlled by mass transportations. If leaching reactions of zinc oxide in hydrochloric acid and sulfuric acid solutions are controlled by the mass transportations the leaching rates should depend upon the rotating speed of the zinc oxide specimen. Basically the thickness of the liquid boundary layer on the disk specimen decreases when the rotating speed of the specimen increases. Therefore, to determine the rate controlled factor the effects of the rotating speed of the zinc oxide specimen on leaching reactions were carried out. The leaching curves of zinc oxide in different rotating speeds by hydrochloric acid solutions and sulfuric acid solutions are illustrated in Figs. 8 and 9 respectively. The rotating speed changed from 0 to 20 s À1 and pH value was maintained at 2. The leaching temperature was 333 K in each test. The leaching kinetics are linear in each rotating speed of zinc oxide specimen. As illustrated in Figs. 8 and 9 , the amounts of dissolved zinc oxide increased by leaching time and rotating speed as well.
The thickness of liquid boundary layers decreases in proportion to the square root of the rotating speed of the specimen. The leaching rates of zinc oxide and square root of the rotating speed is illustrated in Fig. 10 . The leaching rates show the linear relationship with square root of rotating speed in both hydrochloric acid and sulfuric acid where the rotating speed was between 0 to 20 s À1 . It indicates that the leaching rates of zinc oxide disk increase with increasing rotating speed and these phenomena suggests the rate of zinc oxide leaching is controlled by diffusion through the liquid boundary layer.
In Fig. 9 when the rotating speed is zero, the reaching rate is approximately 0:01 Â 10 À6 mol À1 dm À2 s À1 . If the liquid is idealized solution the leaching rate should be zero when the zinc oxide specimen is stationary. The leaching rate is not zero because even rotating speed of the specimen is zero the natural convection occurs by the difference of concentrate of 2492 T. Yoshida chemicals between on the surface of the specimen and bulk solutions. These experimental data that the activation energy is rather low and the leaching rate depends on the rotating speed of zinc oxide disk indicate that the rate controlling step of zinc oxide leaching in hydrochloric and sulfuric acid is mass transfer through liquid boundary layer. Further investigation is necessary to determine the chemicals whose diffusion rate controls the leaching reaction rate.
Conclusions
The leaching of zinc oxide disk in hydrochloric acid and sulfuric acid solutions was studied kinetically. The effect of pH value, temperature and rotating speed of zinc oxide disk on leaching rate were investigated. The followings are the results obtained from experimental data; (1) Leaching rate increases at lower pH value. (2) Leaching rate increases at higher leaching temperature. By the Arrhenius plot, the activation energy of the zinc oxide leaching by hydrochloric acid is 11.6 kJmol À1 and 17.5 kJmol À1 by sulfuric acid leaching. (3) Leaching rate increases in proportion to square root of rotating speed of zinc oxide disk. (4) The relatively lower activation energy and relationship between leaching rate and rotating speed of test specimen indicate that the reaction rate of zinc oxide leaching is controlled by mass transfer through the liquid boundary layer.
